Introduction
Microtubule-based motors of the kinesin superfamily play essential roles in cell division, cell motility, intracellular trafficking, control of microtubule dynamics, and ciliary function (Hirokawa et al., 2009; Verhey and Hammond, 2009 ). Kinesins are defined by the presence of a kinesin motor domain and use divergent sequences outside of this domain for each motor's unique regulatory and functional outputs. However, recent work demonstrated that sequence differences within the core motor domain are also critical for the specific functions of each kinesin motor. Indeed, substituting a kinesin's motor domain with one from a different family cannot replicate the functional output of that kinesin (Kim et al., 2014; Ravindran et al., 2017) .
Understanding how patterns of residue conservation and divergence within protein families relate to the evolution of distinct functional properties is of wide biological significance. For actin-based motors of the myosin superfamily (Richards and Cavalier-Smith, 2005) , the core myosin motor domain was thought to endow myosins with equivalent chemomechanical properties to that of the "conventional" myosin-2, with family-specific tail domains giving rise to specific cellular functions. Yet recent work has demonstrated that sequence divergence within the myosin motor domain itself dictates alternative functions as force sensors, tethers, and F-actin organizers (Woolner and Bement, 2009 ).
The kinesin-4 family of motors provides a unique opportunity to understand how sequence divergence of a core domain leads to different functional outputs. The best-known family members, mammalian KIF4 and Xenopus laevis Xklp1, undergo typical kinesin-type processive motility and suppress microtubule dynamics upon reaching the plus end (Bringmann et al., 2004; Bieling et al., 2010; Subramanian et al., 2013) . The mammalian KIF21A and KIF21B kinesins also undergo plus end-directed motion and suppress microtubule dynamics (Huang and Banker, 2012; van der Vaart et al., 2013; Cheng et al., 2014; Bianchi et al., 2016; Ghiretti et al., 2016; Muhia et al., 2016; van Riel et al., 2017) . In contrast, the Arabidopsis thaliana motor FRA1 undergoes processive motility and mediates trafficking of cell wall material along cortical microtubules but does not alter plus end dynamics or microtubule organization (Zhu and Dixit, 2011; Kong et al., 2015; Zhu et al., 2015; Ganguly et al., 2017) , whereas the mammalian motor KIF7 displays no microtubule-based motility but is able to suppress microtubule dynamics (He et al., 2014) . The Drosophila melanogaster motor Costal2 (Cos2) has been suggested to be a homologue of KIF7, and the mammalian motor KIF27 has been suggested to be a paralog, but their motility properties and effects on microtubule dynamics have not been determined.
Kinesin-4 motors play important roles in cell division, microtubule organization, and signaling. Understanding how motors perform their functions requires an understanding of their mechanochemical and motility properties. We demonstrate that KIF27 can influence microtubule dynamics, suggesting a conserved function in microtubule organization across the kinesin-4 family. However, kinesin-4 motors display dramatically different motility characteristics: KIF4 and KIF21 motors are fast and processive, KIF7 and its Drosophila melanogaster homologue Costal2 (Cos2) are immotile, and KIF27 is slow and processive. Neither KIF7 nor KIF27 can cooperate for fast processive transport when working in teams. The mechanistic basis of immotile KIF7 behavior arises from an inability to release adenosine diphosphate in response to microtubule binding, whereas slow processive KIF27 behavior arises from a slow adenosine triphosphatase rate and a high affinity for both adenosine triphosphate and microtubules. We suggest that evolutionarily selected sequence differences enable immotile KIF7 and Cos2 motors to function not as transporters but as microtubule-based tethers of signaling complexes.
In this study, we systematically analyzed the motility properties of members of the kinesin-4 family using in vitro and cellular assays. We find that MmKIF27 is a slow processive motor, whereas MmKIF7 and DmCos2 show no motility at the single molecule level. Furthermore, we show that KIF27 and KIF7 are not able to cooperate for enhanced motility in a multimotor context. Unlike "conventional" kinesin motors, which alter their microtubule binding in response to their nucleotide state, KIF27 and KIF7 show tight microtubule binding regardless of nucleotide condition. The mechanistic basis of KIF27's slow processive motility is found in its slow ATPase rate and its high affinity for both ATP and microtubules. The immotile behavior of KIF7 is explained by its defective chemomechanical coupling: KIF7 is unable to release ADP in response to microtubule binding. We suggest that differences in intrinsic catalytic domain behavior (motility, kinetics, and chemomechanical coupling) are derived from variances in catalytic domain sequence and allow kinesin-4 motors to carry out distinct cellular functions as transporters or tethers.
Results

The kinesin-4 family can be divided into three subfamilies in mammals
We first set out to define the phylogenetic relationship between members of the kinesin-4 family. We focused our analysis on kinesin-4 motors in commonly studied genetic organisms (fly and worm) and/or for which motility data exist (Figs. 1 A and S1). This analysis suggests that the kinesin-4 family can be divided into three subfamilies, referred to in this study by the best-known mammalian member of each subfamily. The KIF7 subfamily contains two paralogous motors from the mammalian genome (MmKIF7 and MmKIF27) and one motor in flies (DmCos2). The KIF21 subfamily contains two paralogous motors from the mouse genome (MmKIF21A and MmKIF21B) and one member each from the fly (DmKLP31E) and worm (CeKLP12) genomes. The KIF4 subfamily contains one motor each from mammalian (MmKIF4), fly (DmKLP3A), and worm (CeKLP19) genomes and three motors in Arabidopsis (AtKN4A, also known as FRA1, AtKN4B, and AtKN4C). Although CeKLP19 and DmKLP3A are separated from the rest of the KIF4 subfamily in our unrooted tree, we place these motors in this subfamily based on the following points. Our analysis used kinesin sequences trimmed to the core motor domain, similar to the analysis of Wickstead et al. (2010) , whereas a previous phylogenetic analysis that included sequences of each motor's neck region placed CeKLP19 as most similar to KIF4 and DmKLP3A (Powers et al., 2004) . In addition, a recent study used a maximum likelihood coestimating algorithm that performs multiple sequence alignment (MSA) and phylogeny calculations in tandem and placed both CeKLP19 and DmKLP3A in the KIF4 subfamily (Richard et al., 2016) .
The KIF27 motor domain can regulate microtubule growth
To investigate whether KIF27 is a kinesin-4 motor capable of influencing microtubule dynamics, we purified a truncated Flag-tagged version of KIF27 and compared its activity to that of its closest relative, KIF7 ( Fig. 1 B) . For KIF27, we generated a truncated version containing the minimum neck coil segment but found that this construct (aa 1-370; Fig. 1 B) was not a stable dimer. We thus appended the leucine zipper (LZ) of GCN4, similar to a previous strategy with kinesin-3 family motors (Tomishige et al., 2002; Huckaba et al., 2011; Soppina et al., 2014) , resulting in the construct KIF27(1-370)-LZ-Flag. For KIF7, we used a truncated version consisting of aa 1-558 ( Fig. 1 B) based on previous work (He et al., 2014) .
We measured the growth rates of dynamic microtubules in an in vitro assay ( Fig. 2 A) . In the absence of motor, the mean microtubule growth rate was 1.11 ± 0.04 µm/min. Increasing amounts of KIF7 resulted in inhibition of microtubule growth, with mean rates of 0.40 ± 0.04, 0.29 ± 0.03, and 0.33 ± 0.04 µm/ min at KIF7(1-558)-Flag concentrations of 20, 40, and 80 nM, respectively (Fig. 2, E and F) , similar to a previous study (He et al., 2014) . Increasing concentrations of KIF7(1-558)-Flag also resulted in a decrease in the mean length of microtubule growth before catastrophe, from 3.24 ± 0.35 µm in the absence of motors to 1.01 ± 0.13, 0.72 ± 0.06, and 0.82 ± 0.07 µm at concentrations of 20, 40, and 80 nM (Fig. 2 G) . In a similar manner, increasing amounts of KIF27(1-370)-LZ-Flag resulted in a decrease in the microtubule growth rate, with mean rates of 0.60 ± 0.04 µm/min at 90 nM and 0.29 ± 0.02 µm/min at 180 nM KIF27(1-370)-LZ-Flag (Fig. 2, B and C) and a decrease in the mean length of microtubule growth to 1.52 ± 0.14 and 0.67 ± 0.07 µm at concentrations of 90 and 180 nM KIF27(1-370)-LZ-Flag, respectively (Fig. 2 D) . Both motors caused a decrease in the catastrophe frequency ( Fig. S2 B) , but this could largely be explained by a concomitant decrease in the frequency of microtubule growth events ( Fig. S2 A) . The primary effect of KIF7 and KIF27 motors thus appears to be, like other members of the kinesin-4 family, a suppression of microtubule growth rates as measured in in vitro assays.
Comparative analysis of kinesin-4 motility at the single molecule level
Some members of the kinesin-4 family have been shown to undergo processive motility along the microtubule surface and may therefore participate in cargo trafficking in cells. To examine the motility properties of dimeric motors across the kinesin-4 family, we generated constitutively active motors by truncating their sequences after the neck coil or within the subsequent coiled-coil segment (Fig. 1 B) . Like MmKIF27, the minimal predicted neck coil sequence of CeKLP12 was not sufficient for stable dimer formation and we thus appended the LZ of GCN4 to the C terminus of the truncated motor. All motors were tagged with the fluorescent protein mNeonGreen (mNG). The well-studied kinesin-1 motor KIF5C(1-560) was examined as control ( Fig. 1 B and Table 1) .
When expressed in COS-7 cells, KIF4(1-484)-mNG accumulated at the periphery of the cells, indicative of directed motion to the plus ends of the microtubules (Fig. 3, A and B ). KIF21A(1-409)-mNG motors also accumulated at the periphery, although a large fraction showed a diffuse localization within the cytosol (Fig. 3 , C and D). However, KIF27(1-370)-LZ-mNG displayed a largely diffuse localization (Fig. 3 , E and F), suggesting that this motor may undergo infrequent and/or minimally processive motility events, and KIF7(1-558)-mNG displayed a strongly microtubule-bound state (Fig. 3 , G and H) similar to "rigor" versions of other kinesin motors (Nakata and Hirokawa, 1995; Sturgill et al., 2016) .
The motility properties of the truncated kinesin-4 motors along microtubules were determined in single molecule motility assays (Fig. 4 ). Under standard imaging conditions (2 mM ATP, room temperature, P12 buffer, and 10 Hz imaging; Norris et al., 2015; Yildiz and Vale, 2015) , KIF4(1-484)-mNG showed Figure 2 . KIF27 and KIF7 can inhibit microtubule growth in vitro. (A) Schematic of the microtubule dynamics assay. Microtubule seeds generated from biotin-tubulin and HiLyte647-tubulin and polymerized in GMP CPP were attached to the slide, and then microtubule polymerization was performed in the presence of 10.7 µM tubulin and 1 mM GTP. (B and E) Representative kymographs of microtubules polymerizing in the absence (0 nM) or presence of indicated concentrations of KIF27 (B) or KIF7 (E). HiLyte647 microtubule seeds are in red. X-rhodamine dynamic microtubules are in green. Time is on the x axis (bar, 5 min), and distance is on the y axis (bar, 2 µm). (C and F) Plots of microtubule growth rate measured in the absence or presence of the indicated concentrations of KIF27 (C) or KIF7 (F). (D and G) Plots of microtubule growth length before catastrophe measured in the absence or presence of indicated concentrations of KIF27 (D) or KIF7 (G). Scatterplots display means ± SEM (n = 20-43 for each condition) from two or three independent experiments. kinesin-type motility with a mean velocity of 908 ± 15 nm/s ( Fig. 4 B and Table 1 ). Given previous studies demonstrating processive motility for the Xenopus Xklp1 (Bringmann et al., 2004; Bieling et al., 2010) and Arabidopsis AtKN4A (Zhu and Dixit, 2011) homologues, we conclude that members of the KIF4 subfamily are processive kinesin motors ( Fig. 4 J) . For the KIF21 subfamily, we measured the motility properties of mammalian KIF21A and the fly (DmKLP31E) and worm (CeKLP12) homologues. All three motors showed characteristic kinesin-like motility behavior with mean velocities of 391.3 ± 4.7 nm/s for KIF21A(1-409)-mNG ( Fig. 4 C Table 1 ). We thus conclude that members of the KIF21 subfamily are also processive kinesin motors ( Fig. 4 J) .
Unlike the characteristic kinesin-like motility observed for members of the KIF4 and KIF21 subfamilies, very different motility behavior was observed for members of the KIF7 subfamily. Under standard imaging conditions, all three motors bound to microtubules and appeared largely immotile ( Fig. 4 , F-H), although some diffusive movement was observed for Dm-Cos2(1-743)-mNG ( Fig. 4 H) . The inability of KIF7 to undergo processive stepping along the microtubule lattice is consistent with a previous study (He et al., 2014) . The inability of Cos2 to demonstrate processive motility is likely caused by sequence changes in key residues of the Cos2 motor domain ( Fig. S1 A) as noted previously (Sisson et al., 1997; Matthies et al., 2001) .
We considered the possibility that the standard imaging parameters of these single molecule motility assays were not optimal for observing the behavior of KIF7 subfamily motors. When we changed imaging conditions to acquire one frame every 3 s, both KIF7(1-558)-mNG and Cos2(1-743)-mNG continued to show only static binding to or diffuse movement along the microtubule surface ( Fig. 4 I) . Strikingly, KIF27(1-370)-LZ-mNG exhibited very slow motility, with a mean velocity of 13.51 ± 0.17 nm/s (Fig. 4 I and Table 1 ) under these imaging conditions. These results indicate that members of the KIF7 subfamily show dramatically different motility properties than the rest of the family (Fig. 4 J) . Whereas members of the KIF4 and KIF21 subfamilies across species show processive motility characteristic of dimeric kinesin motors, Cos2 and KIF7 members of the KIF7 subfamily are immotile, and KIF27 displays very slow motility. Thus, evolutionary changes to the kinesin motor domain gave rise to dramatically different motility properties within the kinesin-4 family.
The motility of KIF7 subfamily motors is not enhanced by working in teams
We sought to test whether immotile (KIF7 and Cos2) or slow processive (KIF27) kinesin-4 motors could work together to drive processive motility in a multimotor regime, as has been suggested for nonprocessive kinesin-14 motors (Case et al., 1997) . We used two assays to test this possibility. First, we 
and DmCos2 (H) as compared with the kinesin-1 motor KIF5C (A). All motors were tagged with mNG at their C termini, and videos were acquired at a fast imaging rate (10 frames per second). Time is on the x axis (bar, 5 s), and distance is on the y axis (bar, 5 µm). Histograms of the velocities for each population of motors are plotted to the right of the kymographs. (I) Representative kymographs of single molecule motility of truncated versions of the kinesin-4 motors MmKIF27, MmKIF7, and DmCos2 imaged at a slow acquisition rate (1 frame/3 s). Time is on the x axis (bar, 1 min), and distance is on the y axis (bar, 5 µm). A histogram of the velocities for the population of KIF27 motors is shown to the right of the KIF27 kymograph. Motility data are described as means ± SEM. N, number of motility events analyzed across three independent experiments. (J) Motility of kinesin-4 motors based on the single molecule imaging results depicted on the phylogenetic tree.
performed microtubule gliding assays with kinesin-4 motors. Truncated versions of the kinesin-4 members KIF4, KIF21A, KIF27, and KIF7 were tagged at their C termini with an AviTag sequence (Tirat et al., 2006) and biotinylated by coexpression with the bacterial biotin ligase BirA ( Fig. S3 ; Cull and Schatz, 2000) . Biotinylated motors were immobilized on NeutrAvidincoated coverslips, and then taxol-stabilized microtubules were added to the flow chamber ( Fig. 5 A) . Both KIF4(1-484)-AviTag (836 ± 13 nm/s) and KIF21A(1-409)-AviTag (224.2 ± 4.3 nm/s) motors were able to drive microtubule gliding at speeds consistent with their single motor properties (Fig. 5 Table 1 ). These results in multimotor assays are consistent with the single-molecule motility properties of KIF27 and KIF7 (Table 1 ), suggesting that nonmotile and slowly processive KIF7 subfamily motors do not cooperate to increase their motility properties when working in teams. Second, we used a peroxisome dispersion assay to investigate whether KIF7 subfamily motors can act as processive cargo transporters in a cellular multimotor regime. The kinesin-4 family motors were tagged with mCitrine (mCit) and an FRB domain, whereas the peroxisomes were labeled by expressing PEX3-mRFP-FKBP. Addition of rapamycin results in the recruitment of kinesin motors to the peroxisome surface, and recruitment of active motors drives the dispersion of peroxisomes to the cell periphery ( Fig. 6 A; Kapitein et al., 2010; Engelke et al., 2016) . COS-7 cells coexpressing kinesin-4 motor-mCit-FRB and PEX3-mRFP-FKBP fusion constructs were observed by live-cell imaging. Before rapamycin addition, most of the peroxisomes exhibited a perinuclear distribution ( Fig. 6 , B-E, top; and Fig. S4 ). After rapamycin addition, the peroxisomes in cells expressing KIF4(1-484)-mCit-FRB or KIF21A(1-409)-mCit-FRB motors displayed rapid and robust accumulation at the cell periphery ( Fig. 6 , B and C; and Fig. S4 ). In contrast, peroxisomes in cells expressing KIF27(1-370)-LZ-mCit-FRB were moved only a short distance in the 25-min time period (Figs. 6 D and S4), whereas peroxisomes in cells expressing KIF7(1-558)-mCit-FRB remained in a perinuclear cluster (Figs. 6 E and S4) . Together with the in vitro microtubule gliding results (Fig. 5 ), these findings indicate that KIF27 is capable of very slow motility both as single motors and in teams, whereas KIF7 lacks detectable motility in both single-and multimotor assays (Table 1) .
KIF7 subfamily members KIF27 and KIF7 are defective in their chemomechanical coupling
To determine the mechanisms that underlie the nonmotile association of KIF7 with microtubules and the very slow motility of KIF27, we examined the chemomechanical coupling of these motors. For processive motors like kinesin-1, chemomechanical coupling enables the motor to alter its affinity for the microtubule in response to its nucleotide state (Crevel et al., 1996) . To assess the ability of kinesin-4 motors to respond to nucleotide conditions with a change in microtubule affinity, we used a fluorescence-based microtubule binding assay. The control kinesin-1 motor KIF5C(1-560)-mNG showed weak microtubule binding in the presence of ADP and strong microtubule binding in the presence of either AMP PNP (a nonhydrolyzable ATP analogue) or apyrase (which generates a no-nucleotide condition; Fig. 7 A, left) . Specifically, AMP PNP and apyrase resulted in 11-fold and 23-fold increases in KIF5C(1-560)'s interaction with microtubules as compared with motors in the ADP state, respectively ( Fig. 7 B) , consistent with previous data (Crevel et al., 1996; Case et al., 1997; Pierce et al., 1999) . Likewise, the processive kinesin-4 motors KIF4 and KIF21A displayed similar changes in their microtubule association in response to their nucleotide state. For KIF4(1-484), microtubule association was increased fourfold in the presence of AMP PNP and 49fold in the presence of apyrase when compared with the ADP state (Fig. S5, A and B) , and for KIF21A(1-409), microtubule association was increased fivefold in the presence of AMP PNP and 78-fold in the presence of apyrase when compared with the ADP state (Fig. S5, A and B) .
In contrast, we observed that the slow processive kinesin-4 motor KIF27 and the immotile kinesin-4 motor KIF7 uniformly decorated microtubules regardless of nucleotide condition (Figs. 7 A and S5 C). For KIF27(1-370)-LZ, addition of AMP PNP and apyrase resulted in levels of microtubule association (0.69-fold and 0.54-fold), respectively, comparable with the ADP state (Fig. 7, A . When compared with kinesin-1, both KIF27 and KIF7 showed a higher microtubule affinity in the ADP state; the microtubule association of KIF27 was fivefold higher than kinesin-1, and that of KIF7 was sevenfold higher (Fig. 7 C) . Collectively, these results indicate the KIF7 subfamily members are defective in their chemomechanical coupling. Their inability to respond to the nucleotide state with a change in microtubule affinity is likely the underlying explanation for their defective motility.
Characterization of KIF7 and KIF27 kinetic parameters
To further explore whether defective chemomechanical coupling of KIF7 and KIF27 can explain the observed motility defects, we performed a series of kinetic assays. We first measured each motor's ATPase activity in the absence and presence of microtubules. For processive motors like kinesin-1, microtubule binding causes a >1,000-fold increase in ATPase activity over the basal level (Ma and Taylor, 1995) . For the slow processive KIF27 motor, we found that the addition of microtubules resulted in a 25-50-fold increase in ATPase activity ( Fig. 8 A) , which was comparable to other slow processive kinesins such as human kinesin-5 (Cochran, 2015) . Under steady-state kinetics conditions, KIF27 displayed a k cat = 2.5 s −1 site −1 with a high affinity for both ATP (K m,ATP = 0.6 µM; Fig. 8 B and Table 1 ) and microtubules (K 0.5,MT = 0.04 µM; Fig. 8 C and Table 1 ). These constants represent the tightest ATP affinity for a dimeric kinesin motor measured to date (Klumpp et al., 2004; Auerbach and Johnson, 2005; Krzysiak and Gilbert, 2006; Pan et al., 2006; Albracht et al., 2014) . These results were surprising as processive kinesins typically have a reciprocal relationship between ATP binding and microtubule binding such that tight ATP binding correlates with weak microtubule binding and vice versa (Albracht et al., 2014) .
For immotile KIF7, very little microtubule-dependent stimulation of ATPase activity was observed. Even at a high microtubule concentration (25 µM) rate, the ATPase rate (k cat = 0.02 s −1 site −1 ; Fig. 8 , D and E; Table 1 ) did not exceed the basal activity of most other kinesins studied to date (Cochran, 2015) and reflected only a fivefold enhancement of KIF7's basal ATPase rate (Fig. 8, D and E) . The low levels of basal and microtubule-stimulated ATPase activity for KIF7 could be caused by an inability of the motor to release ADP in response to microtubule binding or an inability to hydrolyze ATP. To distinguish these possibilities, we measured the microtubule-stimulated ADP release for KIF7 using a mant-ADP release assay. When bound in the nucleotide pocket of a kinesin motor, mant-ADP displays a higher fluorescence than when free in solution (Cochran et al., 2013) , and the microtubule-stimulated mant-ADP release rate can thus be measured as a decrease in fluorescence (Nitta et al., 2008; Cochran et al., 2013; Chen et al., 2017) . We found that KIF7 was capable of binding to mant-ADP as the initial fluorescence intensity was higher in the presence of KIF7 ( Fig. 8 F, blue trace) than in the absence of KIF7 ( Fig. 8 F, black trace) . However, KIF7 was incapable of microtubule-stimulated ADP release as the addition of microtubules did not result in a decrease in mant-ADP fluorescence intensity over time ( Fig. 8 F, red trace) . We verified that mant-ADP could be released from the KIF7 motor domain in a control reaction ( Fig. 8 F, green trace) where EDTA chelates the free Mg 2+ from solution (Nitta et al., 2008) . These results indicate that the underlying mechanism for the immotile behavior of the KIF7 motor is an inability to stimulate ADP release from the nucleotide pocket in response to microtubule binding. (A-C) Truncated dimeric motors versions of the kinesin-1 KIF5C(1-560) or the kinesin-4s KIF27(1-370)-LZ or KIF7(1-558) were tagged at their C termini with 3×mCit. Cell lysates expressing equivalent amounts of motors were added to flow cells containing taxol-stabilized microtubules in the presence of the indicated nucleotides. (A) Representative images of motor (green) binding to microtubules in the presence of ADP, AMP PNP, or apyrase. Bar, 5 µm. (B) The fluorescence intensity of each motor along microtubules was quantified for each nucleotide condition. The mean fluorescence intensity of each motor in AMP PNP and apyrase was normalized to the mean fluorescence intensity in the ADP state. ***, P < 0.001 as compared with the ADP state (two-tailed t test).
(C) The fluorescence intensity of each motor in the presence of ADP was compared with that of the kinesin-1 KIF5C. ***, P < 0.001 as compared with KIF5C (two-tailed t test). Data indicate means ± SEM of more than five microtubules from one representative experiment.
Discussion
Sequence divergence within the kinesin superfamily resulted in motors with distinct mechanochemical properties matched to their functions during intracellular trafficking, microtubule organization, and cell division. In this study, we used single-molecule, cellular, and kinetic assays to characterize motility properties of motors across the kinesin-4 family to elucidate a molecular understanding of their cellular roles. We show that although all kinesin-4 motors examined to date are capable of influencing microtubule dynamics, these motors showed large variations in their ability to undergo processive motility. We describe the kinetic basis for the immotile behavior of mammalian KIF7 and suggest that this motor and its Drosophila homologue Cos2 function not as transporters but as tethers for signaling complexes in the Hedgehog pathway. These findings support the idea that sequence divergence has led to a diversity of mechanochemical and motility properties within the kinesin superfamily.
Kinesin-4 motors share the ability to influence microtubule dynamics but differ dramatically in their motility properties
Several members of the kinesin-4 family have been shown to regulate microtubule dynamics in in vitro assays, including the KIF4 subfamily members human KIF4, Xenopus Xklp1, and Physcomitrella patens Kin4-Ic (Bieling et al., 2010; Hu et al., 2011; Subramanian et al., 2013; de Keijzer et al., 2017) , the KIF21 subfamily members KIF21A and KIF21B (van der Vaart et al., 2013; Ghiretti et al., 2016; Muhia et al., 2016; van Riel et al., 2017) , and the KIF7 subfamily member KIF7 (He et al., 2014) . We show that the kinesin-4 family member KIF27 reduces microtubule growth rates and the length of microtubule growth before catastrophe. It thus appears that the ability to regulate microtubule dynamics is shared across the kinesin-4 family.
In contrast, members of the kinesin-4 family display dramatically different motility properties. We found that individual dimeric KIF4 motors are processive motors, similar to previous work on members of this subfamily (Bieling et al., 2010; Zhu and Dixit, 2011; Subramanian et al., 2013) and consistent with their proposed roles in intracellular transport (Peretti et al., 2000; Zhu and Jiang, 2005; Martinez et al., 2008; Bisbal et al., 2009; Kong et al., 2015; Zhu et al., 2015) . We also found that KIF21 subfamily motors across species (MmKIF21A, DmKLP31E, and CeKLP12) are processive motors and that this is likely a critical feature for their participation in intracellular transport events (Lee et al., 2012; Labonté et al., 2014; Ghiretti et al., 2016; Muhia et al., 2016) . In contrast, we found very different motility behaviors for members of the KIF7 subfamily: DmCos2 is immotile and shows both static and diffusive interactions with the microtubule, MmKIF7 is immotile, and MmKIF27 is a slow processive motor. This variation highlights the diversity of ways that the core kinesin motor domain can be adapted for different functional outputs even within a kinesin family.
The immotile (DmCos2 and MmKIF7) or slowly motile (MmKIF27) behavior in single molecule assays does not a priori preclude the ability of these motors to drive intracellular trafficking events. One possibility is that KIF7 subfamily motors drive processive motion when working in teams. This has previously been demonstrated for nonprocessive kinesin-14 family motors, which undergo only short runs or diffusive movement as individual dimeric motors but drive processive motion when working in teams ( , 2015; Walter et al., 2015) . However, we find that KIF7 and KIF27 are unable to drive processive motion when working as a team in a classic multimotor microtubule gliding assay or when transporting an exogenous cargo in cells (Table 1) .
Our data provide strong support for the finding that a motor's ability to influence polymerization dynamics at microtubule ends is not linked to its ability to undergo processive motion to the end of the microtubule. This was first noted for the kinesin-13 motor mitotic centromere-associated kinesin (MCAK), which diffuses along the microtubule lattice to reach both ends of a microtubule, where it promotes depolymerization (Hunter et al., 2003; Helenius et al., 2006) . The ability to influence microtubule dynamics also does not require ATP hydrolysis, at least for the kinesin-8 motor Kip3p (Arellano-Santoyo et al., 2017) and the mammalian kinesin-4 motor KIF7 (this study). Rather, the ability to influence microtubule polymerization appears to be related to a motor's ability to stabilize the curvature of tubulin subunits at the plus end of the microtubule. For the kinesin-8 motors Kip3 and KIF19A and the kinesin-13 motor MCAK, binding to curved tubulin at the microtubule end promotes microtubule depolymerization (Asenjo et al., 2013; Wang et al., 2016 Wang et al., , 2017 Arellano-Santoyo et al., 2017) .
The underlying mechanisms of impaired motility
DmCos2 motors bind microtubules in a stationary manner with a long dwell time regardless of nucleotide condition. The defect in chemomechanical coupling may arise from deletions of key surface loops of the motor domain, e.g., loops 8, 9, and 11 and/ or mutation of the invariant kinesin switch-1 motif (SSR SH) to SPL AH (Fig. S1 A) . The immotile behavior of Cos2 is consistent with previous work demonstrating an ATP-independent interaction of Cos2 with microtubules (Sisson et al., 1997) but is in contrast with a recent study suggesting that Cos2 functions as a transport motor (Farzan et al., 2008) . Although GFP-Cos2 localized to mobile punctate structures in S2 cells in the latter study, the motility of these structures was not consistent with kinesin-driven movement as it was spatially limited, not directional, and similar for full-length Cos2 and a construct lacking the motor domain (Farzan et al., 2008) . We thus believe that the immotile behavior in single-molecule assays and the mutation of key motility residues preclude this motor's participation in intracellular transport events.
MmKIF7 motors also bind microtubules in a stationary manner with a long dwell time regardless of nucleotide condition. An analysis of the kinetics revealed that KIF7 is defective in the first step in the kinesin chemomechanical cycle as it fails to release ADP from the nucleotide pocket in response to microtubule binding. Although the kinesin-13 motor MCAK (KIF2C) shows little ADP release in response to binding of the microtubule lattice, ADP release is stimulated >20-fold by the ends of the microtubule (Hunter et al., 2003; Friel and Howard, 2011; Patel et al., 2016) . KIF7 is thus to our knowledge the only motor that fails to release nucleotides upon microtubule interaction. The mechanism by which KIF7 is unable to couple microtubule binding to changes in nucleotide state is not apparent at this time. MmKIF7 contains the necessary residues for ATP and microtubule binding (Fig. S1) , and a crystal structure of the KIF7 motor domain is superimposable on that of kinesin-1 (Klejnot and Kozielski, 2012) . In addition, human KIF7 shares an overall sequence identity of 44% with KIF27 and a higher sequence identity of 61% within the core motor domain (Klejnot and Kozielski, 2012) . Thus, a molecular explanation for the defective chemomechanical coupling and immotile behavior of KIF7 requires further exploration.
Although MmKIF27 appeared at first glance to also be an immotile kinesin, imaging at a slower acquisition rate demonstrated that KIF27 is a slow motor that moves directionally with a long dwell time. Analysis of the kinetic cycle of KIF27 revealed a low k cat of 2.5 s −1 in a steady-state ATPase assay (Table 1) . The correlation between a low ATPase rate and slow processive motility measured in single molecule and/or microtubule gliding assays has been noted for members of the kinesin-5 family (100 nm/s and k cat = 0.48 s −1 ; Krzysiak and Gilbert, 2006; Valentine and Gilbert, 2007) , kinesin-7 family (11 nm/s and k cat = 0.9 s −1 ; Sardar et al., 2010; Sardar and Gilbert, 2012) , and kinesin-14 family (97 nm/s and k cat = 1.6 s −1 ; Furuta and Toyoshima, 2008) . Surprisingly, however, KIF27 showed very high affinity for both microtubules (K 0.5,MT = 0.04 µM; Table 1 ) and ATP (K m,ATP = 0.6 µM; Table 1 ). Most kinesin motors have a reciprocal relationship between microtubule and ATP binding, including the slow processive kinesin-5 (Eg5; K 0.5,MT = 1.8 µM and K m,ATP = 7.9 µM; Krzysiak and Gilbert, 2006; Valentine and Gilbert, 2007) and kinesin-7 (CENP-E; K 0.5,MT = 1.5 µM and K m,ATP = 18.3 µM; Sardar et al., 2010; Sardar and Gilbert, 2012; Gudimchuk et al., 2013) motors. This is the highest ATP binding affinity for a dimeric kinesin motor to date and suggests that KIF27's motility is tuned differently from the other slow processive motors.
KIF7 and KIF27 motility properties are tuned for their cellular functions
Collectively, these results provide key insights into the basic motility properties of the kinesin-4 motors DmCos2, MmKIF7, and MmKIF27. We propose that sequence changes were evolutionarily selected to provide these motors with distinct properties for their cellular functions. All three motors have been implicated in the proper formation of cilia and/or in the proper function of signaling pathways that use the cilium for compartmentalization. KIF27 localizes to the base of motile cilia in mouse tracheal epithelial cells and interacts with Fused for assembly of the central pair of microtubules in 9+2 motile cilia (Wilson et al., 2009; Vogel et al., 2011; Nozawa et al., 2013) . Whether KIF27's slow motility and/or ability to regulate microtubule dynamics are critical for proper formation and/or function of motile cilia requires further analysis.
Although KIF27 and KIF7 are orthologues of Cos2, KIF7 is thought to be the mammalian homologue as Cos2 can functionally replace KIF7 in the zebrafish embryo (Maurya et al., 2013) and KIF7 can replace some aspects of Cos2 function in flies (Marks and Kalderon, 2011) . Both Cos2 and KIF7 have been shown to complex with transcription factors of the Hedgehog pathway (Cubitus interruptus [Ci] and Gli proteins, respectively) and regulate their proteolytic processing to a repressor form. Pathway activation by Hedgehog ligand results in the release of full-length Ci/Gli and transcriptional activation (Aikin et al., 2008; Ingham et al., 2011; Lee et al., 2016) . Cos2 and KIF7 can also localize to cilia and influence the ciliary localization of transmembrane signaling proteins (Maurya et al., 2013; He et al., 2014; Kuzhandaivel et al., 2014; Sanchez et al., 2016) . Given our results, it seems likely Cos2 and KIF7 use a static interaction with the microtubule lattice to regulate the proteolytic processing of Ci/Gli and the localization of receptors and other pathway components to the cilium. In contrast, KIF7's ability to influence microtubule dynamics is likely required for its proposed role in regulating cilium tip structure (He et al., 2014) . We thus propose that Cos2 and KIF7 function not as conventional transport kinesin motors in cells but rather as microtubule-based tethers. In this regard, it is interesting to note a parallel situation in the myosin superfamily where myosin-18A has very low enzymatic activity and binds actin filaments regardless of nucleotide conditions (Guzik-Lendrum et al., 2013) . It thus appears that during the evolutionary selection of both the kinesin and myosin superfamilies, motor sequences with uncoupled filament and nucleotide binding were selected to provide a mechanism for tethering components to the underlying cytoskeleton.
Materials and methods
Plasmids
The constitutively active kinesin-1 constructs rat KIF5C(1-560) fused to mNG or 3×mCit have been described previously Norris et al., 2015) . Full-length MmKIF4 expression plasmid (Morris et al., 2014) was a gift from G. Gundersen (Columbia University, New York, NY). Full-length KIF21A expression plasmid (Huang and Banker, 2012 ) was a gift from G. Banker (Oregon Health Sciences, Portland, OR). Full-length DmCos2 was purchased from the Drosophila Genome Resource Center. For truncated MmKIF4(aa 1-484), MmKIF21A(aa 1-409), MmKIF27(aa 1-370), MmKIF7(aa 1-558), DmKLP31E(aa 1-409), and CeKLP12(aa 1-393), the coiled-coil regions were identified by prediction software (MAR COIL), and sequences encoding dimeric truncated motors were amplified by PCR or synthesized by GeneArt (Invitrogen) and subcloned into mNG-N1 or 3×mCit-N1 vectors (based on Takara Bio Inc.'s EYFP-N1 vectors). The dimeric state of each 3×mCit-tagged motor was tested by photobleaching analysis (Hammond et al., , 2010 Soppina et al., 2014) . Although MmKIF4(aa 1-484), MmKIF21A(aa 1-409), MmKIF7(aa 1-558), and DmKLP31E(aa 1-409) displayed characteristics of a stable dimer state, the motors MmKIF27(aa 1-370) and CeKLP12(aa 1-393) were largely monomeric. To ensure analysis of dimeric motors, the LZ sequence of GCN4 (the aa sequence KQL EDK VEE LAS KNY HLE NEV ARL KKLV) was appended to the C termini of MmKIF27(aa 1-370) and CeKLP12(aa 1-393) as described previously (Tomishige et al., 2002; Huckaba et al., 2011; Soppina et al., 2014) .
For expression in S2 cells, pMT-DmKLP31E(1-409)-mNG and pMT-CeKLP12(1-393)-mNG were generated by using appropriate restriction digestion to insert motor sequences into pMT-mNG vector. For protein expression and purification from insect cells, truncated KIF27 and KIF7 motors fused with Flag tag were generated by restriction digestion and subcloning into the pFastBac1 vector. For microtubule gliding assays, KIF5C(1-560)-AviTag was generated by synthesizing AviTag to replace mNG tag of KIF5C(1-560)-mNG. The other motors were subcloned to replace KIF5C using appropriate restriction digestion or PCR amplification. HA-BirA and the peroxisome targeting construct PEX3-mRFP-2×FKBP (Kapitein et al., 2010) , denoted in this study PEX3-mRFP-FKBP for simplicity, were gifts from C. Hoogenraad (Utrecht University, Utrecht, Netherlands). KIF5C (1-560)-mCit-FRB has been described previously (Engelke et al., 2016) . All plasmids were verified by DNA sequencing.
Phylogenetic tree
Sequences of select members of the kinesin-4 family were collected from the UniProtKB database (Fig. S1 B) with a total of 14 sequences. Mouse sequences over human homologues were selected where appli-cable. The sequences were trimmed to the minimal motor domain using Pfam seed alignment (Kull et al., 1996; Finn et al., 2014) with the protein family ID PF00225. The sequence of the prototypical human kinesin-1 motor KIF5B was added to permit rooted phylogeny analysis. An MSA was performed with Bio3D (2.3; Skjaerven et al., 2014) using default MUS CLE parameters for proteins (Edgar, 2004) . Both rooted and unrooted phylogenetic trees were calculated with this MSA using BioNJ (Gascuel, 1997) and Kimura protein distance as the distance metric (Kimura, 1983) . Bootstrapping was performed using Seaview (4.4.2; Gouy et al., 2010) with 1,000 iterations using a single central processing unit. Phylogenies were annotated and plotted with the R packages ggtree (Yu et al., 2017) and APE (Paradis et al., 2004) . The alignment annotation of kinesin-4 family motor domain was generated by STR AP (Gille and Frömmel, 2001) .
Cell culture, transfection, and lysis
Drosophila S2-DRGC cells obtained from the Drosophila Genome Resource Center (RRID: CVCL_Z232) were cultured at 25°C in Schneider's Drosophila medium (Gibco) supplemented with 10% (vol/vol) FBS (HyClone). Plasmids for expression of truncated DmKLP31E, DmCos2, or CeKLP12 motors in the pMT vector were transfected into S2 cells using Cellfectin II (Invitrogen). Protein expression was induced by adding 1 mM CuSO 4 to the medium 4-5 h after transfection. The cells were harvested after 48 h. COS-7 (monkey kidney fibroblast) cells obtained from ATCC (RRID: CVCL_0224) were cultured in DMEM (Gibco) with 10% (vol/ vol) Fetal Clone III (HyClone) and GlutaMAX (Gibco) at 37°C with 5% CO 2 . For single molecule assays, plasmids for expression of truncated MmKIF4, MmKIF21A, MmKIF27, MmKIF7, or RnKIF5C motors tagged with mNG or 3×mCit were transfected into cells using Trans-IT LT1 (Mirus). The cells were harvested after ∼16 h. For microtubule gliding assays, plasmids for expression of the indicated motors fused with AviTag were cotransfected with a plasmid for expression of HA-BirA at a ratio of 1:1 into using Trans-IT LT1 (Mirus). The cells were harvested or fixed after ∼16 h. For the inducible peroxisome dispersion assay, plasmids for expression of the indicated motors tagged with mCit and FRB were cotransfected with a plasmid for expression of PEX3-mRFP-FKBP at a ratio of 15:1 using Lipofectamine 2000 (Thermo Fisher Scientific), and the cells were imaged after ∼16 h. All transfections were performed according to the manufacturer's instructions.
To prepare cell lysates, COS-7 cells 16 h after transfection or S2 cells 48 h after transfection were harvested and centrifuged at low speed at 4°C. The cell pellet was washed with PBS and resuspended in ice-cold lysis buffer (25 mM Hepes/KOH, pH 7.4, 115 mM potassium acetate, 5 mM sodium acetate, 5 mM MgCl 2 , 0.5 mM EGTA, and 1% [vol/vol] Triton X-100) freshly supplemented with 1 mM ATP, 1 mM PMSF, and protease inhibitor cocktail (P8340; Sigma-Aldrich). 1 mM DTT and 10% glycerol were added for S2 cell lysates. After clarifying the lysate by centrifugation for 10 min at 20,000 g at 4°C, aliquots were snap frozen in liquid nitrogen and stored at −80°C until further use.
Protein expression and purification
Sf9 cells obtained from Thermo Fisher Scientific were cultured in suspension with serum-free sf900 II SFM medium (Thermo Fisher Scientific) supplemented with antibiotic antimycotic (Gibco) in flasks at 28°C in a non-CO 2 nonhumidified incubator with an orbital shaker platform set at 130 rpm. The cells were infected with baculovirus generated according to the Bac-to-Bac system (Invitrogen). In brief, plasmids encoding truncated Flag-tagged motors in the pFastBac1 vector were transformed into DH10Bac Escherichia coli to generate recombinant bacmids. Bacmid DNA was isolated with the HiPure Plasmid DNA miniprep kit (Invitrogen) and confirmed by PCR analysis.
Recombinant bacmid DNA was transfected into Sf9 cells using Cellfectin II (Invitrogen) to produce the P1 recombinant baculovirus. 4 or 5 d after transfection, the supernatant containing P1 baculovirus was collected by centrifugation at 3,000 rpm for 3 min at 4°C. The baculovirus was amplified by successive infection of Sf9 cells to generate P2 and P3 baculoviruses. Baculovirus-containing supernatants were stored at 4°C in the dark.
For protein purification, Sf9 cells were infected with 10% P3 baculovirus (vol/vol). 1-2 d after infection, the cells were harvested by centrifugation for 3 min at 3,000 rpm at 4°C. The pellet was washed once with PBS and resuspended in ice-cold lysis buffer (200 mM NaCl, 4 mM MgCl 2 , 0.5 mM EDTA, 1 mM EGTA, 0.5% igepal, 7% sucrose, and 20 mM imidazole-HCl, pH 7.5) supplemented with 2 mM ATP, 1 mM PMSF, 5 mM DTT, and protease inhibitor cocktail. After 30 min incubation on ice, the lysates were clarified by ultracentrifugation for 30 min at 60,000 rpm in TLA-100.3 rotor (Beckman Coulter), and the supernatants were incubated with anti-FLAG M2 agarose (Sigma-Aldrich) for 1.5 h at 4°C with rotation. Bound proteins were washed with wash buffer (150 mM KCl, 25 mM imidazole-HCl, pH 7.5, 5 mM MgCl 2 , 1 mM EDTA, and 1 mM EGTA) supplemented with 1 mM PMSF, 3 mM DTT, 3 mM ATP, and protease inhibitor cocktail and wash buffer supplemented with 1 mM PMSF, 3 mM DTT, and protease inhibitor cocktail, subsequently. Bound proteins were eluted by incubation with elution buffer (25 mM KCl, 25 mM imidazole-HCl, pH 7.5, 5 mM EGTA, 2 mM MgCl 2, 2 mM DTT, and 0.1 mM ATP) supplemented with 0.15 mg/ml 3×FLAG peptide (Sigma-Aldrich) overnight at 4°C. Supernatants were collected by centrifugation, and aliquots were snap frozen in liquid nitrogen and stored in −80°C until further use.
Imaging of live or fixed cells
Cells were rinsed with PBS and fixed in 3.7% (vol/vol) paraformaldehyde (Thermo Fisher Scientific) in PBS for 10 min at room temperature. Cells were imaged after mounting in Prolong Gold (Invitrogen) or were further processed for immunostaining. Fixed cells were permeabilized in 0.2% Triton X-100 in PBS for 5 min and blocked with 0.2% fish skin gelatin in PBS for 5 min. Primary (rabbit anti-HA; 1:500; Sigma-Aldrich) and secondary (594 nm anti-rabbit or 488 nm streptavidin; 1:500; Jackson ImmunoResearch Laboratories, Inc.) antibodies were applied in blocking buffer for 1 h at room temperature in the dark. The coverslips were mounted using Prolong Gold (Invitrogen). Images were acquired on an inverted epifluorescence microscope (TE2000E; Nikon) with a 40× 0.75 NA objective or a 100× 1.40 NA objective and a CoolSnap HQ camera (Photometrics). The fluorescence images were analyzed using ImageJ (National Institutes of Health).
For the inducible peroxisome dispersion assays, COS-7 cells were seeded onto glass-bottomed dishes (MatTek Corporation) and cotransfected with the indicated motor-mCit-FRB and PEX3-mRFP-FKBP plasmids. After ∼16 h, the cells were washed once and then incubated in Leibovitz's l-15 medium (Gibco) and imaged at 37°C in a temperature-controlled and humidified live-imaging chamber (Tokai Hit). Live-cell imaging was performed on an inverted total internal reflection fluorescence (TIRF) microscope Ti-E/B (Nikon) equipped with the perfect focus system, a 100× 1.49 NA oil immersion TIRF objective (Nikon), three 20-mW diode lasers (488 nm, 561 nm, and 640 nm), and an electron-multiplying charge-coupled device detector (iXon X3DU897; Andor). The angle of illumination was adjusted for maximum penetration of the evanescent field into the cell. Image acquisition was controlled with Elements software (Nikon). Images were acquired in both 488-and 561-nm channels every 30 s for the first 5 min. Then, rapamycin (EMD Millipore) was added to a final concentration of 44 nM, and the cells were imaged every 30 s for the next 25 min. Images were analyzed with a custom MAT LAB (MathWorks) script described by Engelke et al. (2016) . In brief, first peroxisome objects were detected in each image in the 561-nm channel by a local adaptive thresholding algorithm (Guanglei Xiong; Tsinghua University; http ://www .mathworks .com /matlabcentral /fileexchange /8647 -local -adaptive -thresholding). Subsequently, the mean distance of all peroxisome object pixels from a manually determined cell center was reported for each frame to monitor peroxisome movement over time. Graphs were generated by Origin (OriginLab).
In vitro fluorescence microscopy assays
All in vitro imaging assays were performed on an inverted Ti-E/B TIRF microscope equipped with a perfect focus system, a 100× 1.49 NA oil immersion TIRF objective, three 20-mW diode lasers (488 nm, 561 nm, and 640 nm) and an electron-multiplying charge-coupled device detector. Image acquisition was controlled with Elements software.
Microtubule dynamics assay. A flow cell (∼10 µl volume) was assembled by attaching a clean #1.5 coverslip (Thermo Fisher Scientific) to a glass slide (Thermo Fisher Scientific) with two stripes of double-sided tape. Microtubules were assembled as previously described (Norris et al., 2015) . Microtubule seeds containing 10% HiLyte647and 10% biotin-labeled tubulin (Cytoskeleton Inc.) were generated by polymerization in the presence of the nonhydrolyzable GTP analogue GMP CPP (Jena Bioscience) and then immobilized on coverslips incubated sequentially with the following solutions: (A) 1 mg/ml BSAbiotin (A8549; Sigma-Aldrich), (B) blocking buffer (1 mg/ml BSA in BRB80 [80 mM Pipes/KOH, pH 6.8, 1 mM MgCl 2 , and 1 mM EGTA]), (C) 0.5 mg/ml NeutrAvidin (31000; Thermo Fisher), (D) blocking buffer, (E) short GMP CPP-stabilized microtubule seeds, and (F) blocking buffer. Microtubule growth was then initiated by flowing in 10.7 µM tubulin containing 7% X-rhodamine-labeled tubulin (Cytoskeleton Inc.) together with motor proteins at the indicated concentrations in the reaction buffer (1 mM GTP, 2.5 mM ATP, 0.1 mg/ml BSA, 1 mg/ml casein, 1 mM MgCl 2 , and 0.1% methylcellulose [Sigma-Aldrich] and oxygen scavenging [1 mM DTT, 10 mM glucose, 0.1 mg/ml glucose oxidase, and 0.08 mg/ml catalase] in BRB80). The flow cells were sealed with molten paraffin wax and imaged by TIRF microscopy. Time-lapse images were acquired in both 561-nm and 640-nm channels at a rate of every 5 s for 15 min. The temperature was set at 37°C in a temperature-controlled chamber (Tokai Hit). To determine of the growth rate and growth length of microtubule plus ends, maximum-intensity projections were generated, and kymographs (width = 3 pixels) were generated using ImageJ and displayed with time on the x axis and distance on the y axis. The growth length was defined as the vertical component of the kymograph between adjacent catastrophe events. The growth rate was defined as the growth length divided by the time (horizontal component) between adjacent catastrophe events.
Single molecule motility assays. A flow cell was prepared, and microtubules were assembled as described in the previous section. Polymerized microtubules were diluted in P12 buffer (12 mM Pipes/ KOH, pH 6.8, 2 mM MgCl 2 , and 1 mM EGTA) containing 10 µM taxol and then were infused into flow cells and incubated for 5 min at room temperature for nonspecific adsorption to the coverslips. Sequentially, the flow cells were incubated with (A) blocking buffer (15 mg/ml BSA in P12 with 10 µM taxol) and then (B) kinesin motors in the motility mixture (0.5-1 µl cell lysate, 2 mM ATP, 6 mg/ml BSA, 0.5 mg/ml casein, 10 µM taxol, 1 mM MgCl 2 , and oxygen scavenging in P12). The flow cells were sealed with molten paraffin wax and imaged by TIRF microscopy. The fast imaging rate was set for continuous acquisition of one frame every 0.1 s for 30 s. The slow imaging rate was one frame every 3 s for 3 min. Maximum-intensity projections were generated, and kymographs were produced by drawing along these tracks (width = 5 pixels) using Elements software. The velocity was defined as the distance on the y axis of the kymograph divided by the time on the x axis of the kymograph.
Fluorescence-based microtubule affinity. The amount of motors across COS-7 lysates was determined by Western Blot using an anti-GFP antibody (ProteinTech). Digital images of the blots were analyzed by ImageJ. Equal amounts of motors in the final motility mixture (6 mg/ml BSA, 0.5 mg/ml casein, 10 µM taxol, 1 mM MgCl 2 , and oxygen scavenging in P12) supplemented with either 5 U/ml apyrase or 2 mM AMP PNP or 2 U/ml hexokinase with 2 mM ADP were added to flow cells containing polymerized microtubules. The coverslips were sealed and imaged at room temperature by TIRF microscopy. All the images were acquired and analyzed using the same conditions. For each motor in each nucleotide condition, the fluorescence intensities along the microtubules were measured using ImageJ, and the fluorescence intensity of an adjacent region was subtracted as background. The experiment was repeated two times for each motor with similar results. The data from two experiments are shown separately in Figs. 7 and S5 because the different protein expression levels between the two independent experiments made it difficult to pool all the data.
Microtubule gliding assays. A flow cell was prepared, and microtubules were assembled as described in the Microtubule dynamics assay section. Biotinylated motors were generated by coexpression of motors tagged with the 15-aa AviTag and the bacterial biotin ligase BirA fused with HA tag (HA-BirA) in COS-7 cells. Biotinylated motors were attached to the coverslip surface by sequential incubation of flow cells with (A) 1 mg/ml BSA-biotin, (B) blocking buffer (0.5 mg/ ml casein and 10 µM taxol in BRB80), (C) 0.5 mg/ml NeutrAvidin, (D) blocking buffer, and (E) cell lysates with 2 mM ATP and 0.5 mg/ml casein in BRB80 and blocking buffer. Taxol-stabilized HiLyte 647-labeled microtubules in motility mixture (2 mM ATP, 10 µM taxol, 2 mM MgCl 2 , and oxygen scavenging in BRB80) were then added, and the flow cells were sealed with molten paraffin wax and imaged by TIRF microscopy. For KIF27 and KIF7, images were acquired at one frame every 3 s for 3 min. For KIF4 and KIF21A, images were acquired continuously at 50 ms per frame for 15 s. Maximum-intensity projections were generated, and the kymographs were produced by drawing along these tracks (width = 3 pixels) using ImageJ. Stalled events were ignored. Velocity was defined as the distance on the y axis of the kymograph divided by the time on the x axis of the kymograph.
Statistical tests
Statistical analysis and plots were generated by Origin or Prism (Graph-Pad Software). The error bars indicate SEM.
Kinetic assays
Kinetic experiments were conducted at 298 K in ATPase buffer (10 mM Hepes, pH 7.2, using sodium hydroxide, 2 mM magnesium chloride, 10 mM potassium chloride, and 5% [vol/vol] glycerol) unless otherwise noted.
Steady-state ATPase measurements. The basal and microtubule-stimulated ATPase activities of KIF27 and KIF7 were measured by the NADH-coupled assay (Hass et al., 1961; Imamura et al., 1966; Trentham et al., 1972; Furch et al., 1998; De La Cruz et al., 2000) . In brief, KIF only or microtubule • KIF was diluted to 2× final concentration in ATPase buffer. ATP was also diluted to 2× final concentration in ATPase buffer plus 2× NADH cocktail (final concentrations: 1 mM phosphoenolpyruvate, 0.8 mM NADH, 10 U/ml rabbit pyruvate kinase [Roche], and 10 U/ml lactic dehydrogenase [Sigma-Aldrich]). To initiate the reaction, equal volumes (80 µl) of KIF only or microtubule • KIF complex as well as ATP and NADH cocktail were thoroughly mixed by pipetting, and 150 µl of each reaction was transferred to a 96well microplate for absorbance reading at 340 nm using a microplate spectrophotometer (BioTek). A standard curve from 0-800 µM NADH was used to convert A340 to ADP product concentration.
Two control reactions were performed: control 1, no kinesin with all the components of the assay at high microtubule concentration (10 µM) and high ATP concentration (1 mM); and control 2, no kinesin and no ATP with all the components of the assay. Both control reactions gave similar results, and the mean observed velocity was subtracted from the velocities of the KIF27 reactions in Fig. 8 (B and C) .
For ATP-dependent experiments, the initial ATPase velocity was plotted against the ATP concentration, and the data were fit to the Michaelis-Menten equation: . The basal rate was determined using NADH-coupled and malachite green assays; both assays gave similar rates, and this data point (i.e., zero [MT]) was included with the fit as the y intercept. Presteady-state kinetic experiments. Stopped-flow measurements were performed at 298 K using a SF-300X stopped-flow apparatus (KinTek Corp.) equipped with a Xenon arc lamp (Hamamatsu Photonics). Kinetics of the interaction of mant-ADP with KIF7 was measured by equilibrating the KIF7 mant-ADP (0.5 µM:0.25 µM) complex followed by rapid mixing with 500 µM ATP to chase the mant-ADP from the active site and with or without 2 µM microtubules or with or without 5 mM EDTA as described previously (Woodward et al., 1991) . Mant fluorescence was monitored over time, λ ex,max equaled 356 nm, and λ em,max equaled 448 nm (400 nm long-pass filter). Each averaged transient was fit to a single exponential equation.
Online supplemental material Fig. S1 shows sequence alignment and rooted phylogenetic tree of the motor domains of kinesin-4 family motors. Fig. S2 shows plots of the effects of KIF27 and KIF7 on the frequencies of microtubule growth and catastrophe in the in vitro microtubule dynamics assay. Fig. S3 shows biotinylation of AviTag motors in COS-7 cells. Fig. S4 shows the localization of kinesin-4 motors and peroxisomes before and after addition of rapamycin in COS-7 cells. Fig. S5 shows fluorescence-based microtubule affinity across kinesin-4 motors in different nucleotide states.
